The Escherichia coli chemosensory system consists of large arrays of transmembrane chemoreceptors associated with a dedicated histidine kinase, CheA, and a linker protein, CheW, that couples CheA activity to receptor control. The kinase activity responses to receptor ligand occupancy changes can be highly cooperative, reflecting allosteric coupling of multiple CheA and receptor molecules. Recent structural and functional studies have led to a working model in which receptor core complexes, the minimal units of signaling, are linked into hexagonal arrays through a unique interface 2 interaction between CheW and the P5 domain of CheA. To test this array model, we constructed and characterized CheA and CheW mutants with amino acid replacements at key interface 2 residues. The mutant proteins proved defective in interface 2-specific in vivo cross-linking assays, and formed signaling complexes that were dispersed around the cell membrane rather than clustered at the cell poles as in wild type chemosensory arrays. Interface 2 mutants down-regulated CheA activity in response to attractant stimuli in vivo, but with much less cooperativity than the wild type. Moreover, mutant cells containing fluorophore-tagged receptors exhibited greater basal anisotropy that changed rapidly in response to attractant stimuli, consistent with facile changes in loosely packed receptors. We conclude that interface 2 lesions disrupt important network connections between core complexes, preventing receptors from operating in large, allosteric teams. This work confirms the critical role of interface 2 in organizing the chemosensory array, in directing the clustered array to the cell poles, and in producing its highly cooperative signaling properties. chemotaxis | chemoreceptors | kinase activity | stimulus response
The Escherichia coli chemosensory system consists of large arrays of transmembrane chemoreceptors associated with a dedicated histidine kinase, CheA, and a linker protein, CheW, that couples CheA activity to receptor control. The kinase activity responses to receptor ligand occupancy changes can be highly cooperative, reflecting allosteric coupling of multiple CheA and receptor molecules. Recent structural and functional studies have led to a working model in which receptor core complexes, the minimal units of signaling, are linked into hexagonal arrays through a unique interface 2 interaction between CheW and the P5 domain of CheA. To test this array model, we constructed and characterized CheA and CheW mutants with amino acid replacements at key interface 2 residues. The mutant proteins proved defective in interface 2-specific in vivo cross-linking assays, and formed signaling complexes that were dispersed around the cell membrane rather than clustered at the cell poles as in wild type chemosensory arrays. Interface 2 mutants down-regulated CheA activity in response to attractant stimuli in vivo, but with much less cooperativity than the wild type. Moreover, mutant cells containing fluorophore-tagged receptors exhibited greater basal anisotropy that changed rapidly in response to attractant stimuli, consistent with facile changes in loosely packed receptors. We conclude that interface 2 lesions disrupt important network connections between core complexes, preventing receptors from operating in large, allosteric teams. This work confirms the critical role of interface 2 in organizing the chemosensory array, in directing the clustered array to the cell poles, and in producing its highly cooperative signaling properties. chemotaxis | chemoreceptors | kinase activity | stimulus response E scherichia coli detects and follows environmental gradients of attractant chemicals using a large assembly of transmembrane chemoreceptor proteins, the histidine autokinase CheA, and a small adaptor protein, CheW. These signaling proteins cluster, typically at the cell pole(s), in ordered, supramolecular arrays that amplify small chemoeffector concentration changes into large internal signals that govern rotation of the cell's flagellar motors.
In response to changes in ligand occupancy, the chemosensors, also known as methyl-accepting chemotaxis proteins (MCPs), modulate CheA activity to control the flux of CheA-generated phosphoryl groups to the response regulator CheY, whose phosphorylated form triggers motor reversals and random changes in swimming direction. Attractant stimuli inhibit CheA autophosphorylation, thereby suppressing turns and promoting up-gradient travel. The CheZ phosphatase actively dephosphorylates P-CheY, ensuring rapid stimulus responses. A sensory adaptation system tunes the detection sensitivity of MCP molecules to ambient chemical conditions through reversible covalent modifications catalyzed by the CheR methyltransferase and the CheB methylesterase, enabling the cells to sense chemoeffector changes over a wide concentration range (1) .
Core complexes, the smallest units of signaling function in receptor arrays, contain six homodimeric MCP molecules, organized as trimers of dimers ( Fig. 1A) (2) . Each receptor trimer binds to a CheW monomer and to one subunit of the dimeric CheA molecule through its P5 domains (Fig. 1B) . The CheA dimerization domains (P3/P3′) lie between the cytoplasmic tips of the two receptor trimers and may play roles in transmitting receptor signals to the CheA autophosphorylation domains P4 (ATP binding) and P1 (phosphorylation site) (Fig. 1A) . Core signaling complexes in membrane nanodiscs down-regulate CheA activity in response to attractant ligands, but with little positive cooperativity (Hill coefficients <2) (3) . In contrast, kinase activity responses of intact cells to chemoeffector stimuli exhibit high positive cooperativity (e.g., Hill coefficients of 15-20 for the serine chemoreceptor Tsr) (4) . These high Hill coefficients are consistent with allosteric coupling interactions between multiple core complexes in the receptor array. This cooperative behavior underlies the extraordinary signaling properties of the chemotaxis system, including signal amplification and enhanced detection sensitivity (5) . Although quantitative signaling models can explain many of the experimental observations (6) , the molecular mechanisms of cooperative signaling between receptor core complexes remain unknown.
The architecture of the chemosensory array has been elucidated at the molecular level by fitting the atomic coordinates of individual proteins into electron density maps obtained by cryoelectron tomography (7) (8) (9) (10) . These studies, in conjunction with targeted crosslinking to confirm protein-protein interfaces (11, 12) , generated a structural model for the core signaling complex and its higher-order organization in the array (Fig. 1 ). Important interfaces in the core complex include the trimer contacts between receptor dimers, contacts between a receptor dimer and either CheW or the CheA-P5 domain, and a binding interaction (interface 1) between P5 and CheW ( Fig. 1B ). P5 and CheW have homologous structures composed of two similar subdomains. Interface 1 joins P5 subdomain 1 to CheW subdomain 2. In the array model, a second CheA-P5•CheW interaction (interface 2) joins CheW subdomain 1 to P5 subdomain 2, linking three core complexes and forming a hexagonal ring of receptor trimers (Fig. 1C ). In the extended array, interface 2
Significance
In Escherichia coli, chemoreceptors, the histidine kinase CheA, and the adaptor protein CheW form a highly networked chemotaxis signaling array that clusters at the cell poles. Arrayed chemoreceptors control multiple CheA molecules in highly cooperative responses to chemoeffector ligands, but the molecular interactions responsible for this behavior are unknown. We found that lesions affecting the interface 2 interaction between CheW and the P5 domain of CheA caused severe array clustering defects and abolished response cooperativity, demonstrating that along with its critical structural role, interface 2 is the route for transmitting signaling-related conformational changes throughout the array. It should be possible to exploit interface 2 mutants to develop more incisive experimental approaches and theoretical models for investigating the signaling mechanisms of chemosensory arrays.
interactions produce a lattice of hexagonally packed receptor trimers of dimers networked by P5/CheW rings ( Fig. 1D ). This hexagonal arrangement has been observed in all chemotactic species of Bacteria and Archaea imaged thus far in either membrane-bound or cytoplasmic arrays, suggesting that the basic operating features are conserved as well (13) (14) (15) .
Another feature of the array model (7) , recently confirmed (10), are six-membered CheW rings, structurally analogous to the P5/ CheW rings, that link the receptor dimers that do not directly contact CheA or CheW in the core complexes ( Fig. 1D ). In the present array model, the P5/CheW rings, and perhaps the CheW rings as well, could provide the allosteric connections between core complexes responsible for high signal cooperativity. To test this proposition, we constructed mutant CheA and CheW proteins with amino acid replacements at putative interface 2 residues and characterized their effects on receptor clustering, array organization, and signal cooperativity.
Results
Mutational Survey of Array Interface 2 Residues. We constructed and characterized CheA and CheW mutants with amino acid replacements at interface 2 residues predicted by available crystal structures (9) . Current array models suggest that this interaction may promote both assembly and operation of the chemosensory array, in which case amino acid replacements at critical interface 2 residues might impair both array integrity and chemotactic signaling. To identify such critical residues, we first surveyed CheA-P5 positions 543-560 ( Fig. 2 ) by random mutagenesis of a plasmid expressing CheA and CheW under an inducible sodium salicylate control (pPM25 ; Table S1 ).
Mutant plasmids were tested for function in a Δ(cheAW) host, screening for changes that reduced chemotaxis on soft agar media to 50% or less of wild type performance. Approximately 1% of the mutant plasmids met this criterion; DNA sequencing yielded five different candidate residues. Subsequent all-codon mutagenesis of candidate positions identified three P5 residues (L545, V551, and Y558) at which various amino acid replacements impaired chemotactic performance (Table S2 ). These P5 residues impinge on CheW residues R117, E121, and F122 at interface 2 of the CheA-P5•CheW complex ( Fig. 2 ). Accordingly, we constructed a CheW variant with amino acid replacements at three positions: CheW-R117D/E121R/ F122S, designated CheW-X3. That triple-mutant CheW protein also impaired chemotaxis, as did a number of single amino acid replacements at CheW residues 117 and 122 (Table S2 ). Individually, the R117D and F122S proteins each reduced chemotaxis proficiency to approximately 50% of the wild type, whereas the E121R protein retained roughly 70% of function (Table S2 ).
All mutant CheA and CheW proteins exhibited approximately wild type steady-state intracellular levels (Table S2 ), indicating that their functional defects were not due to altered gene product expression or stability. We chose CheA-L545S, CheA-V551A, CheA-Y558G, and CheW-X3 as prototype interface 2 mutants for detailed functional characterization. In soft agar assays, these proteins supported chemotaxis at ∼50% of the wild type rate ( Fig.  S1 and Table S2 ).
Cross-Linking Evidence for in Vivo Formation of Array Interface 2. We developed a cysteine-directed cross-linking assay for interface 2 interactions in vivo. For this assay, our "wild type" CheA protein carried serine replacements at the three native, but nonessential, CheA cysteine residues (16), along with HA affinity tags in the P1-P2 and P2-P3 linkers (17, 18) , to detect CheA cross-linking products in anti-HA immunoblots. The most efficient and specific interface 2 reporter The core signaling complex, the minimal functional unit of the array, consists of two receptor trimerof-dimers, a CheA kinase dimer, and two CheW molecules (W). Trimers can contain receptor dimers with different detection specificities that associate through interactions of conserved residues at the receptor tip. Each CheA monomer comprises five distinct domains: P1 (phospho-accepting), P2 (CheY and CheB binding), P3 (dimerization), P4 (ATP binding), and P5 (receptor-mediated kinase activity control). P5 and CheW interact with the receptor tip and with each other. (B) Cross-section through the receptor tip and CheA/CheW baseplate, viewed from the cytoplasmic membrane. Critical protein-protein interfaces responsible for core complex assembly and function are indicated with black symbols: P5receptor (squares), CheW-receptor (rectangles), trimer contacts (triangles), P3-P3′ (diamond), and P5 subdomain 2-CheW subdomain 1 (also known as interface 1; circle). Parallel lines between the P5 and the P3 domains indicate the linkers flanking the P4 domain, a likely route for transmission of signaling-induced conformational changes to other CheA domains. (C) A lattice unit of the receptor array. Interface 2 interactions (red circles) between P5 subdomain 2 and CheW subdomain 1 form hexagonal P5/CheW rings that interconnect three core complexes. (D) An extended array showing interconnected core complexes organized around P5/CheW rings, producing the hexagonal arrangement of receptor trimers seen in cryo-EM studies (7, 8, 10) . In addition to P5/CheW rings (dashed black lines), six-member CheW rings interact with the receptor dimers that do not contact CheA or CheW in the component core complexes (7, 10) . pair proved to be CheA-A546C/CheW-E27C (gray atom positions in Fig. 2 ). These cysteine replacements, either singly or in combination, had modest effects on CheA/CheW function (Table S2 ) and approximately 50% of the CheA reporter molecules cross-linked to the CheW reporter in host cells containing chemoreceptors ( Fig. S2 ). In accordance with the working model of array architecture ( Fig. 1 ), cross-linking at interface 2 was strictly dependent on the presence of chemoreceptors ( Fig. S2A ).
In cells expressing receptors at one-half the normal level, interface 2 lesions in either CheA or CheW reduced the extent of cross-link formation by 70-80% ( Fig. 3 and Fig. S2B ). Higher levels of receptors produced higher cross-linking signals, however ( Fig. 3 ), suggesting that membrane-associated receptors might exert mass action effects that compensate for interface 2 cross-linking defects. Consistent with this idea, cytoplasmic receptor fragments also promoted interface 2 cross-linking ( Fig. S2C ), but mutant interface 2 proteins exhibited substantially reduced cross-linking even at high expression levels of soluble receptor fragments ( Fig. S2D) .
These cross-linking tests demonstrate that CheA-P5 and CheW interact in receptor-dependent fashion at interface 2 in vivo. Amino acid replacements at interface 2 residues impaired that interaction in all mutant proteins tested in the cross-linking assay ( Fig. S2 ), including the prototype mutants ( Fig. 3 ).
Spatial Organization of Receptor Complexes in Interface 2 Mutants.
We investigated whether defective interface 2 interactions impaired the assembly or organization of receptor arrays by in vivo fluorescence microscopy, using two different fluorescence reporters. In one assay, the reporter was a CheA molecule in which mYFP replaced the P2 domain (CheA::mYFP). Although this CheA protein cannot support chemotactic behavior, it forms polar clusters in cells containing receptors and CheW, indicating efficient assembly into core complexes and arrays ( Fig. 4A ). In a second assay, the reporter was a YFP-tagged CheR protein, which binds directly to the C termini of Tsr and Tar receptors ( Fig. S3 ) (19) . With only one exception (CheA-V551A; see below), interface 2 mutants exhibited comparable clustering defects with both reporters in strain UU1607 [Δ(cheAW)], which expresses the CheR and CheB adaptation enzymes and a full complement of chemoreceptors. The observed defects include a dispersed distribution of the reporters with substantially reduced polar clustering ( Fig. 4 and Fig. S3 ). Because trimer-of-dimer formation alone allows receptor molecules to form diffuse polar clusters in cells lacking CheA or CheW (20, 21) , the clustering defects evident with both the CheA::mYPF and YFP-CheR reporters indicate that interface 2 mutant proteins interact with receptor molecules, but that the resultant complexes cannot efficiently organize into larger clusters.
Mutant interface 2 proteins conceivably could diminish receptor clustering by impairing the ability of receptor molecules to form trimers of dimers, an assembly component of core signaling complexes (2, 22, 23) . To explore that possibility, we coexpressed CheA/CheW and Tsr-S366C in a strain (UU2806) lacking the sensory adaptation enzymes and all other receptors, and examined the Tsr cross-linking products produced on treatment of the cells with the trifunctional thiol-reactive reagent Tris-(2-maleimidoethyl-amide (TMEA) (23, 24) . The S366C reporter has no effect on Tsr function and, on the inner subunits of Tsr trimers of dimers, lies in a trigonal arrangement at the trimer axis. TMEA treatment links these inner reporter sites in two-and three-subunit cross-linking products whose proportions reflect the trimer-forming propensity of the receptor molecules. None of the interface 2 mutant proteins changed the TMEA crosslinking pattern of Tsr-S366C, indicating no substantive effects on the formation or stability of receptor trimers of dimers (Fig. S4 ). The CheA-V551A mutant protein clustered poorly with the YFP-CheR reporter (Fig. S3 ), but the CheA::mYFP reporter carrying the V551A replacement displayed nearly wild type clustering ability (Fig. 4) . The reporter-dependent clustering behavior of the CheA-V551A protein likely reflects some residual functionality, as also seen in chemotaxis assays (Table S2) ; however, in other function tests (see below), the V551A mutant exhibited defects comparable to those of other interface 2 mutants.
Packing and Stimulus-Induced Unpacking of Receptor Molecules in
Interface 2 Mutants. To assess the spatial organization of chemoreceptors in interface 2 mutants at higher resolution, we measured homo-FRET interactions between mYFP-tagged receptor molecules (25) (26) (27) . On excitation with polarized light, the fluorophores on closely packed receptors can exchange energy (homo-FRET), resulting in reduced anisotropy of the emitted light. Receptors spaced further apart engage in fewer homo-FRET interactions and emit more anisotropic light. In the presence of optimal levels of wild type CheA and CheW, the tagged receptor molecules in this test (Tar [QQQQ]-mYFP) formed core complexes that reduced anisotropy below that of receptors in the absence of CheA and CheW (Fig. S5A ). The mutant interface 2 proteins also showed reduced anisotropy, reflecting core complex formation, but to a lesser extent than wild type CheA/CheW (Fig. S5A ), implying looser receptor organization.
In response to an attractant stimulus, wild type core complexes exhibited a two-phase response: an initial rapid anisotropy increase, presumably due to expansion of receptor trimers (25), followed by a prolonged slow anisotropy increase consistent with gradual unpacking of receptor clusters (27) (Fig. 5 ). In contrast, the attractant responses of the interface 2 mutant complexes, which began at higher baseline values ( Fig. S5A ), reached maximal anisotropy values much more rapidly (Fig. 5 ). These kinetic differences also characterized the attractant removal responses of the wild type and interface 2 mutants ( Fig. 5 and Fig. S6 ). Thus, the interface 2 defects resulted in higher baseline anisotropy (i.e., reduced homo-FRET) and eliminated the slow response to attractant seen with clustered receptor complexes (27) . We conclude that these defects cause core units to form fewer or weaker connections, which results in more loosely packed receptor structures.
Signaling Behaviors of Interface 2 Mutants. We measured the stimulus response properties of interface 2 mutants with an in vivo FRET-based CheA kinase assay (28, 29) . This assay follows cellular phospho-CheY levels through the interaction of CheY and CheZ molecules tagged with FRET donor and acceptor fluorophores. Only phospho-CheY has high affinity for the CheZ phosphatase. The amount of [P-CheY•CheZ] complex, measured by FRET, is proportional to the rate of dephosphorylation and thus, in steady state, to the kinase activity.
We tested the dose-response behaviors of mutant interface 2 plasmids in a host (UU2784) expressing Tsr as its only receptor type. This strain also lacked the CheR and CheB adaptation enzymes, ensuring a homogeneous population of receptor molecules with no posttranslational modifications. Under these conditions, wild type Tsr signaling complexes controlled CheA activity in a highly cooperative manner ( 15) . In contrast, the interface 2 mutant prototypes produced much less cooperative responses, with Hill coefficients <2 (range, 1.6-1.9) (Fig. 6 ). The responses of most other interface 2 mutants had comparably low cooperativities ( Fig. S7 and Table S2 ), implying that the receptor signaling complexes of interface 2 mutants are less tightly coupled or organized into smaller functional units compared with those in wild type receptor arrays.
The response thresholds were also lower in the interface 2 mutant prototypes compared with wild type (K 1/2 = 2.7-8.9 μM vs. 17 μM) ( Fig. 6 ). Most other interface 2 mutants also had lower serine response thresholds. A few had close to wild type [SER] (μM) kinase activity (normalized)
CheA-L545S
CheA-Y558G
CheA-V551A
CheW-X3 wild type CheA-A546C/ CheW-E27C Fig. 6 . Serine dose-response behaviors of prototype interface 2 mutants. In vivo FRET kinase assays were performed in strain UU2784 [Δ(cheA-cheZ) Δ(tar, tap, trg, aer)], which lacks the sensory adaptation enzymes (CheR − CheB − ) and expresses only the Tsr chemoreceptor. CheA and CheW proteins were expressed from plasmid pPM25 derivatives in combination with the FRET reporter pair (CheY-YFP/CheZ-CFP) from plasmid pVS88. Normalized kinase activities at each serine test concentration were fitted to a multisite Hill equation to obtain K 1/2 and Hill coefficient values. The wild type CheA/CheW proteins and the CheA-A546C/CheW-E27C reporter pair produced K 1/2 values of 17 μM and 19 μM, respectively with Hill coefficients of 17 and 15, respectively. Corresponding values for interface 2 mutants were as follows: CheW-X3, 8.9 μM and 1.6; CheA-L545S, 6.0 μM and 1.6; CheA-V551A, 9.7 μM and 1.9; CheA-Y558G, 2.7 μM and 1.6. K 1/2 values, but still very low Hill coefficients (e.g., CheW-F122S: K 1/2 = 18 μM; Hill coefficient = 1.8) ( Fig. S7 and Table S2 ).
In these experiments, the overall level of kinase activity in wild type and interface 2 mutant signaling complexes was determined from the FRET change produced by treatment of cells with 3 mM KCN, which inhibits electron transport and exhausts cellular ATP, the phospho-donor for CheA autophosphorylation (4). Most interface 2 mutants exhibited at least 50% of the wild type kinase activity in this test, and most of that activity was inhibitable by a saturating serine stimulus (Fig. S8) . These results show, consistent with working models of the receptor array, that interface 2 does not play a significant role in setting or controlling the kinase activities of individual core signaling complexes.
Discussion
Role of Interface 2 in Array Assembly and Signaling. Fig. 7 summarizes our present findings in the context of other recent work on the E. coli chemosensory array. Our results demonstrate, as proposed in current array models, that interface 2 interactions between CheW and the P5 domain of CheA link individual receptor core complexes into larger structural and allosteric signaling units that have been designated receptor teams (30) (31) (32) (33) . Mutant CheA or CheW proteins with interface 2 defects assembled signaling complexes that both activated CheA autophosphorylation and inhibited that activity in response to attractant ligands; however, when coupled to receptors with uniform adaptational modification states, the kinase control responses of interface 2 mutants exhibited little or no cooperativity (Hill coefficients <2), in contrast to those of their wild type counterparts (Hill coefficients >15).
The signaling behaviors of interface 2 mutants closely resemble those of core signaling units in membrane nanodiscs (3), implying that the mutant cells may contain mainly isolated core signaling complexes. Those mutant receptor complexes were distributed uniformly around the cell membrane, with little tendency to cluster at the poles as wild type arrays do. In the absence of CheA and CheW, receptor molecules alone can form polar clusters through trimer-of-dimers interactions or through nonnative receptor-receptor interactions (21) . In dispersed core signaling complexes, the mutant CheA and CheW proteins must shield those receptor clustering sites. Evidently, polar clustering of receptor arrays in E. coli requires higher-order interactions of core signaling complexes, presumably mediated by interface 2 connections. Six-membered CheW rings (Fig. 1D) , which apparently form through subdomain 1 and subdomain 2 interactions between CheW molecules, also might contribute to array clustering. However, some CheA-P5 interface 2 lesions, which should not affect CheW-CheW interactions, caused clustering defects similar to those seen in the CheW-X3 mutant, indicating that CheW rings alone cannot promote clustering of receptor signaling complexes.
Signaling State Influences on Array Organization. Several lines of evidence suggest that array signaling involves changes in the dynamic properties of the receptor hairpin tips, where CheA and CheW interact, and of CheA domains involved in the autophosphorylation reaction (1, 34) ( Fig. 1A) . In kinase-ON core complexes, receptor tips (35) and the CheA P1 and P2 domains (36) have dynamic properties. In contrast, the receptor tips (35) and CheA domains are more static in kinase-OFF signaling complexes (36) . Thus, attractant stimuli may down-regulate CheA activity by shifting core complexes from a dynamic state to a more static structure (Fig. 7) . In receptor signaling teams, such conformational changes must propagate through interface 2 connections. In this way, an attractant stimulus could downregulate CheA activity by effectively "freezing" the structures of the signaling team components.
The chemosensory array comprises numerous receptor teams, whose sizes and network connections change in response to signal state transitions elicited by chemoeffector stimuli (25, 27) and by adaptational modifications (32, 33) . The kinase-ON state promotes assembly of core complexes into receptor teams, whereas the kinase-OFF state promotes disassembly of receptor teams. Both changes likely reflect signal state effects on the strength of the interface 2 interaction. We suggest that dynamic signaling components forge interface 2 connections effectively, whereas static components form such connections less readily, resulting in a net loss of team members. These signaling-related influences on the directionality of interface 2 interactions could account for the slow in vivo dynamic changes observed in receptor homo-FRET interactions and in kinase control responses (27) . Interface 2 mutants did not show a slow anisotropy response to either attractant presentation or removal, indicating that they lacked the connections between core signaling units responsible for the slow, signalingrelated size changes seen in wild type receptor teams.
In summary, interface 2 defects in either CheA or CheW can effectively trap chemoreceptors in nonnetworked core signaling units that are not organized in clustered arrays. These findings not only confirm a key prediction of current array models, but also show that array cooperativity relies on coupling between core units through CheA•CheW interface 2. Interface 2 mutant proteins should prove useful for developing better-defined experimental systems for investigating chemoreceptor signaling both in vitro and in vivo. Chemotaxis Assays. Chemotactic ability in tryptone soft agar plates was assessed in strain UU2683 bearing derivatives of plasmid pPM25, as described previously (16) .
Materials and Methods
Cross-Linking Assays. UU2806 cells cotransformed with pGP55 (or pGP55 derivatives carrying interface 2 mutations) and pRR53 were treated with 300 μM Cu 2+ for 10 min at 35°C to induce disulfide formation. Whole cell lysates were separated by SDS/PAGE, and CheA-containing species were detected by Western blot analysis using a polyclonal anti-HA antibody (Pierce).
Receptor Clustering Tests. Strain UU1607 expressing CheA::mYFP or YFP-CheR in combination with interface 2 lesions was imaged by fluorescence microscopy as described elsewhere (27) .
Fluorescence Anisotropy Measures of Receptor Packing. Polarization experiments were performed in strain UU2806 expressing Tar [QQQQ]-mYFP as described previously (26, 38) .
In Vivo FRET-Based Kinase Assays. Kinase assays were done in strain UU2784 expressing the FRET protein pair (CheY-YFP and CheZ-CFP) from plasmid pVS88 and CheA/CheW variants from plasmid pPM25. Cell preparation, flow cell assembly, stimulus protocol, FRET instrumentation, and data analysis have been described previously (4, 28, 29 Protein Modeling and Structural Display. Atomic coordinates for the interface 2 complex of E. coli CheA-P5 and CheW were obtained by homology modeling using the Phyre2 server (39) . The interface 2 model was based on atomic coordinates (Protein Data Bank ID code 4JPB) for a Thermotoga maritima ternary complex of receptor fragment, CheA (P3-P4-P5 domains) and CheW (9) . Images were generated with MacPymol.
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Piñas et al. 10 .1073/pnas.1600216113 SI Materials and Methods Chemotaxis Assays. Chemotactic ability was assessed in strain UU2683 bearing derivatives of plasmid pPM25. Individual colonies were transferred with sterile toothpicks to tryptone soft agar plates (10 g/L tryptone, 5 g/l NaCl, 2.5 g/L agar) supplemented with 12.5 μg/mL chloramphenicol and 0.6 μM sodium salicylate. Plates were incubated at 32.5°C for 7 h before imaging.
Cross-Linking Assays. Overnight cultures of strain UU2806 cotransformed with pGP55 (or pGP55 derivatives carrying interface 2 mutations) and pRR53 were diluted 100-fold in fresh tryptone broth (10 g/L tryptone, 5 g/L NaCl) supplemented with 12.5 μg/mL chloramphenicol, 50 μg/mL ampicillin, and inducers, and grown at 30°C with aeration. Expression of CheA-A546C and CheW-E27C was induced from pGP55 with 0.6 μM sodium salicylate to achieve wild type expression levels of these proteins. Tsr expression from pRR53 was induced with 10, 50, or 200 μM isopropyl β-D-1-thiogalactopyranoside (IPTG), yielding protein levels of 0.5-, 1-, or 2-fold the level in chromosomally encoded Tsr, respectively.
After growth of the culture to OD 600 ∼0.5, a 1.5-mL aliquot was withdrawn, washed twice with 1 mL of PBS, and then resuspended in 1 mL of PBS. At each washing step, cells were centrifuged at 6,000 × g for 5 min at room temperature. Oxidation was started by the addition of 5 μL of a 60 mM Cu 2+ -phenanthroline solution (60 mM CuSO 4 , 200 mM 1,10-phenanthroline, 50 mM NaH 2 PO 4 , pH 7.4). Samples were incubated at 35°C for 10 min, after which the reaction was stopped with 10 mM EDTA. Cells were collected by centrifugation at 21,000 × g for 3 min, and then lysed in 50 μL of 1× nonreducing loading buffer [5% (wt/vol) sucrose, 2.5 mM EDTA, 1 mg/mL N-ethylmaleimeide (NEM), 0.5 mg/mL bromophenol blue, 0.25% (wt/vol) SDS, 1.6 mM NaH 2 PO 4 , 20 mM Tris·HCl, pH 6.8].
CheA-containing species were detected by Western blot analysis using a polyclonal anti-HA antibody (Pierce) and a Cy5-labeled secondary antibody (Invitrogen). Western blots were imaged under fluorescence mode in a Typhoon 8600 scanner (GE Healthcare), and bands were quantified with ImageQuant software (GE Healthcare). Cross-linking proficiency of interface 2 mutant proteins was defined as the fraction of CheA in the CheA∼CheW cross-linked product normalized to the corresponding value for the wild type reporter proteins.
Receptor Clustering Tests. Overnight cultures of strain UU1607 were diluted 100-fold in fresh tryptone broth supplemented with the appropriate inducers and antibiotics, and grown at 33.5°C with agitation to OD 600 ∼0.45. Cells were washed and resuspended in motility buffer (10 mM potassium phosphate, 0.1 mM EDTA, 10 mM lactic acid, pH 7) containing 1 μM L-methionine. For imaging, cells were immobilized between agarose gel (1.2%) and a coverslip in a titanium chamber. Fluorescence images were obtained, generally at room temperature, using a Nikon Ti inverted microscope equipped with a 100× Plan-Fluor objective (1.3 NA), a xenon lamp (Sutter Instrument), and a camera (Andor Technology). Clustering scores were computed as a weighted average of peak/body intensity scores normalized to the wild type weighted average.
Cross-Linking Assay for Receptor Trimers-of-Dimers. Strain UU2806 bearing plasmids pCS53 and pPM25 (or pPM25 derivatives with interface 2 mutations) was diluted 100-fold from overnight cul-tures in fresh tryptone broth supplemented with 12.5 μg/mL chloramphenicol, 50 μg/mL ampicillin, 0.6 μM sodium salicylate, and 150 μM IPTG, and grown at 30°C with agitation (250 rpm) to OD 600 ∼0.5. Cells from a 1.5-mL aliquot of the culture were collected by centrifugation (5 min at 6,000 × g), washed twice with PBS, and finally resuspended in 1 mL of PBS. The Tsr cross-linking reaction was initiated with 50 μM TMEA and stopped with 10 mM NEM after 30 s of incubation at 30°C. Cell samples were centrifuged at 21,000 × g for 3 min, and then lysed in 50 μL of 1× Laemmli loading buffer. Tsr-cross-linked species were detected by Western blot analysis using a polyclonal anti-Tsr antibody.
Fluorescence Anisotropy Measures of Receptor Packing. The procedure for obtaining these measurements has been described in detail previously (26, 38) . In brief, overnight cultures of strain UU2806 were diluted 100-fold in fresh tryptone broth supplemented with appropriate antibiotics and inducers and then grown at 33.5°C with agitation to OD 600 ∼0.45. Cells were washed and resuspended in motility buffer containing 1 μM L-methionine, immobilized on a coverslip, placed into a gold-plated flow chamber, and mounted on a Nikon FN1 microscope. The mYFP fluorophore was excited with linearly polarized light, and the emitted fluorescence was split, using a polarizing beam splitter cube, to its parallel (I par ) and perpendicular (I per ) polarizations, which were monitored using two photon counters (H7422P, Hamamatsu). The steady-state polarization of the emitted fluorescence is represented here by the fluorescence anisotropy, r, defined as (I par − I per )/(I par + 2I per ), where I per is corrected for imperfections of the optical system. The absolute fluorescence anisotropy was validated using an aqueous solution of fluorescein and purified mYFP (yielding 0 and 0.32, respectively). The experiments were performed at room temperature.
In Vivo FRET-Based Kinase Assays. Cell preparation, flow cell assembly, stimulus protocol, FRET instrumentation, and data analysis have been described previously (4, 28, 29) . Liquid cultures of UU2784 cells expressing the FRET protein pair (CheY-YFP and CheZ-CFP) from plasmid pVS88 and CheA/CheW variants from plasmid pPM25 were diluted 100-fold in fresh tryptone broth supplemented with 12.5 μg/mL chloramphenicol, 50 μg/mL ampicillin, 50 μM IPTG, and 0.6 μM sodium salicylate and then incubated at 30°C for 6 h to midexponential phase (OD 600 ∼0.5). Cells were washed, attached to a round polylysinecoated coverslip, mounted in a flow cell, and subjected to sequential addition and removal of serine diluted in motility buffer containing 100 μM L-methionine. The attached cells and all solutions were kept at 30°C throughout the experiment.
The cell sample was excited at CFP wavelength, and epifluorescent light emission from CFP (FRET donor) and YFP (FRET ND, not determined. *Expression of mutant proteins from plasmid derivatives was measured in strain UU2784 as described previously (16) . Values <1.0 were rounded to the nearest 0.05, and values >1.0 were rounded to the nearest 0.1.
† Mutant plasmids were tested in strain UU2683 for chemotaxis performance on tryptone semisolid agar. Values <1.0 were rounded to the nearest 0.05, and values >1.0 were rounded to the nearest 0.1.
